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Action observation and imitation have been found to influence movement in people with Parkinson’s 
disease (PD), but simple visual stimuli can also guide their movement, and previous studies have not 
directly compared these. To investigate whether action observation may provide a more effective stimulus, 
the present study examined the effects of observing human pointing movements and simple visual cues on 
hand kinematics and eye movements in people with mild to moderate PD and age-matched controls.  
In Experiment 1 participants observed videos of movement sequences between horizontal positions, 
depicted by a simple cue with or without a moving human hand, then imitated the sequence either without 
further visual input (consecutive) or while watching the video again (concurrent). Modulation of movement 
duration in accordance with changes in the observed stimulus increased when the simple cue was 
accompanied by the hand, and in the concurrent task, whereas modulation of horizontal amplitude was 
greater with the simple cue alone and in the consecutive task.  
Experiment 2 compared imitation of kinematically-matched dynamic biological (human hand) and non-
biological (shape) stimuli, which moved with a high or low vertical trajectory. Both groups exhibited greater 
modulation for the hand than the shape, and differences in eye movements suggested closer tracking of 
the hand.  
Despite producing slower and smaller movements overall, the PD group showed a similar pattern of 
imitation to controls across conditions. The findings demonstrate that observing human action influences 
aspects of movement such as duration or trajectory more strongly than non-biological stimuli, particularly 
during concurrent imitation.   
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1. Introduction  
Parkinson’s disease (PD) is a neurodegenerative condition in which depletion of dopamine in the basal 
ganglia results in a range of motor impairments, impacting upon functional mobility and the ability to 
perform daily activities. The internal generation of movement, which relies on cortical-subcortical 
networks, is particularly affected in PD (Brown and Marsden, 1988; Redgrave et al., 2010). Conversely, 
movement can be elicited by external stimuli such as simple visual and auditory cues; for example, laser 
pointers or rhythmic stimuli may improve aspects of gait (Spaulding et al., 2013; van Wegen et al., 2014). 
However, these sensory cues are less readily applied to movements involving finer motor control, such as 
the manual actions needed to perform many activities of daily living.  
Movement may also be influenced by action observation (AO), which activates a network of fronto-parietal 
neural structures partially overlapping with those involved in motor execution (Caspers et al., 2010; 
Hardwick et al., 2018). Imitation, which involves execution of the observed action, engages a broader brain 
network (Caspers et al., 2010) and has a key role in motor learning and social interaction (Iacoboni et al., 
2005). Studies in healthy participants have demonstrated behavioural and neural effects of AO and 
imitative learning in various tasks including timing, sequencing and coordination of hand actions (e.g., 
Higuchi et al., 2012; Sakreida et al., 2018; Stefan et al., 2008; Vogt and Thomaschke, 2007).    
Applications of AO and imitation have been investigated in different fields including sport (e.g., Holmes and 
Calmels, 2008), music (e.g., Haslinger et al., 2005) and neurological rehabilitation (e.g., Buccino, 2014; 
Caligiore et al., 2017). The majority of previous work in the latter area has focused on stroke, with some 
evidence of positive effects on motor function and particularly upper limb movements, as well as activities 
of daily living (for review see Borges et al., 2018). While fewer studies have been conducted in PD, AO and 
imitation have been found to influence the timing and amplitude of hand and arm movements (Bek et al., 
2019; Castiello et al., 2009; Pelosin et al., 2013; Robles-Garcia et al., 2013), and potential improvements in 
gait, balance, dexterity and functional independence have been indicated following AO training (Agosta et 
al., 2017; Buccino et al., 2011; Caligiore et al., 2013; Giorgi et al., 2018). By activating sensorimotor 
networks involved in motor preparation and execution, observation of others’ actions could provide a 
powerful stimulus for movement in PD, with the potential to facilitate a broader range of motor tasks than 
simple external cues. There is also some evidence of neuroplastic effects induced by AO training in both 
stroke (Ertelt et al., 2007) and PD (Agosta et al., 2017).   
Despite these promising findings, other studies have indicated that the internal representation of actions 
may be altered in PD (for review see Poliakoff, 2013). Indeed, this might be expected, given the 
involvement of the basal ganglia in action observation (Alegre et al., 2010; Kessler et al., 2006). For 
example, impaired imitation has been reported for object-directed actions (Bonivento et al., 2013; 
Leiguarda, 2001; Leiguarda et al., 1997) and facial expressions (Simons et al., 2004), and neuroimaging has 
identified potential compensatory networks involving visual processing areas during motor imagery 
(imagined movement) in people with PD (Helmich et al., 2012; van Nuenen et al., 2012). Additionally, 
impaired  perception of biological stimuli has been found in PD relative to age-matched controls (Jaywant 
et al., 2016b; Liu et al., 2017), as well as difficulties with emotion recognition and social cognition that have 
been linked to the action observation network (Alegre et al., 2011; Ricciardi et al., 2017). These findings 
suggest that AO-based cueing or training may not be more effective than simple cueing in this population.  
Based on the current evidence, it is unclear whether AO exerts a stronger influence on movement than 
simple visual cues in people with PD, since previous studies in PD typically have not directly compared the 




effects of AO and simple non-biological visual stimuli. Instead, imitated movements have been compared 
with verbally instructed or spontaneous movements (e.g., Castiello et al., 2009; Robles-Garcia et al., 2013), 
so imitation effects could potentially be explained in terms of a more general visual cueing response. 
However, other evidence suggests the involvement of motor simulation processes during AO and imitation 
in people with PD. In a task tapping into a more automatic form of imitation or motor resonance, people 
with PD have shown greater interference for incidentally-observed movements depicted by a human finger 
than a simple shape, indicating a preserved sensitivity to biological stimuli (Bek et al., 2018). Additionally, 
deliberate imitation of a moving human hand was increased when people with PD were instructed to 
imagine themselves performing the observed action (Bek et al., 2019). Building on these findings, further 
evidence is needed to understand whether the motor effects of action observation are preserved in PD.  
To investigate this issue, the present study examined observation and imitation of different stimuli in 
participants with PD and age-matched controls in two experiments based on studies by Wild et al. (2010; 
2012). In Experiment 1, imitation of sequences shown by a simple visual cue was compared in the presence 
versus absence of a moving human hand. Experiment 2 then compared imitation and eye movements for 
observed biological (human hand) versus non-biological (shape) stimuli that were matched for kinematic 
information. In particular, the effects of AO on the timing (duration) and size (amplitude) of movements 
were explored, since these parameters are commonly impaired in PD. This builds on Wild et al.’s findings of 
imitation of duration and amplitude in young healthy participants, as well as the recent demonstration of 
quantitative effects of imitation on hand movement amplitude in PD (Bek et al., 2019).  
Experiment 1 examined the extent to which hand kinematics were modulated when imitating movements 
differing in duration (faster vs. slower) and amplitude (shorter vs. longer), which were demonstrated by a 
simple visual cue presented either alone or accompanied by a video of a moving human hand. If action 
observation is a powerful movement stimulus for people with PD, the extent to which participants 
modulate their kinematics according to the duration and amplitude of the observed movements (i.e., 
imitate) may be greater when visual cues are combined with human movement than for visual cues alone. 
Alternatively, in accordance with the goal-directed theory of imitation (Bekkering et al., 2000) and the 
findings of previous research in healthy adults (e.g., Wild et al., 2010; 2012), imitation may be driven 
primarily by the simple cue, with human movement providing little or no further benefit.   
Additionally, since previous studies in PD have differed in the timing of imitation relative to observation, 
two versions of the imitation task were compared. In a consecutive task, participants observed the 
sequence and then executed the movement without further visual input, while in a concurrent version the 
stimulus video was presented again during action execution. Prior observation may facilitate action 
selection and planning, and might also allow closer attention to the kinematics of the movement when the 
observer is not required to simultaneously attend to their own movement. However, concurrent 
observation reduces demands on working memory and provides an online input that may directly influence 
ongoing motor control, possibly through increasing motor simulation (e.g., Krüger et al., 2014). It was 
therefore expected that observing the movement prior to, and again during, imitation, would maximise the 
effects. Alternatively, concurrent observation and imitation may be cognitively demanding even following 
prior observation, because of the need to divide attention between the ongoing visual stimulus and 
execution of the action (see see Eaves et al., 2016).  
 
 




2. Experiment 1  
2.1. Method 
2.1.1. Participants 
Participant characteristics are shown in Table 1. Twenty-nine individuals with mild to moderate idiopathic 
PD and with no history of surgical intervention were recruited through local neurology clinics and 
Parkinson’s UK. Apart from one individual, all were taking dopaminergic medication and those who 
reported experiencing motor fluctuations were tested in the “on” state (while medication is effectively 
controlling symptoms). Twenty-five control participants with no history of neurological injury or illness 
were recruited from the local community. The study was approved by a UK National Health Service 
Research Ethics Committee and written informed consent was obtained from all participants. Participants 
had normal or corrected-to-normal vision and were screened for dementia (Hsieh et al., 2013). All 
participants except for two in the PD group and two in the control group were right-handed. There was no 
significant difference in age or sex between groups (see Table 1). 
 








2.1.2. Stimuli and procedure  
The stimuli used in the imitation task are illustrated in Figure 1. Simple visual cues were presented either 
alone (Cue trials) or accompanied by a human hand (Action + Cue trials).  In both cases, a yellow circle 
measuring 19 mm in diameter appeared in different sequences, indicating two movements between three 
out of four possible locations (e.g., 4-2-1) across a horizontal movement space of 450 mm. In Action + Cue 
trials the videos showed a human hand visible to just beyond the wrist, with the index finger moving 
between the target positions, arriving at each location at the same time as the circle appeared, and 
departing when the circle disappeared.  The hand was shown as a mirror image of the participant’s hand, 
such that right-handed participants viewed a left hand and vice-versa. Videos depicted movements of 
longer (M = 273 mm) and shorter (M = 133 mm) horizontal amplitudes at slower (M = 990 ms) and faster 
(M = 670 ms) durations.  
The experiment was programmed in Presentation (Neurobehavioural Systems, Inc.), and stimuli were 
projected at life-size onto a 1000 mm x 750 mm screen at a distance of 1200 mm from the participant, who 
was seated at a table.  A motion sensor was attached to the intermediate phalanx of the index finger of the 
 PD Control Statistic P value  
Age (M, SD) 65.1 (6.2) 67.1  (5.4) t = 1.82 .075 
Sex (% female) 34.5 44.0 
2
 = .51  .47 
UPDRS-III motor score (M, SD) 37.3 (9.8) N/A   
Hoehn & Yahr stage (Mdn, IQR) 2.00 (1.0) N/A   
Years since diagnosis (M, SD) 7.4  (4.3) N/A   




dominant hand, and movements were tracked in X, Y and Z axes at 120 Hz, using a Polhemus Liberty 
motion tracking system with Motion Monitor software (Innovative Sports Training).  
The trial sequence is illustrated in Figure 1. Trials began with a central fixation cross (4000 ms), which was 
followed by a still image indicating the starting position for the sequence (4000 ms). The participant was 
asked to place their index finger in the equivalent starting position, mirroring the stimulus in their own 
workspace (on the table in front of them) and the stimulus video was then displayed (2290 - 4066 ms). The 
action execution phase was indicated by a go-signal (green cross with “beep” sound; 1000 ms), presented 
at a variable post-stimulus delay of 1000 - 2000 ms. Participants then replicated the movement sequence 
on the table, using their dominant hand (no visual cues were present in the participant’s workspace). In the 
concurrent task, the video was displayed again while the participant performed the action, whereas in the 
consecutive task, a blank screen was displayed for the same duration as the preceding video.  
 
 
Figure 1.  Imitation task in Experiment 1. Participants observed sequences illustrated by the appearance of 
a yellow circle (Cue) at each of 3 target locations (e.g., 4-2-1). In half of the trials, the circle was 
accompanied by a human hand (Action + Cue), which moved between positions, with the index finger 
pointing to each target location in the sequence as the circle appeared. Participants then imitated the 
sequence following a short delay. In the consecutive task a blank screen was presented during action 
execution, while in the concurrent task the video was presented for a second time.  
 




Participants were given the following instruction: “Please watch the video carefully and then after the beep, 
copy what you have seen as closely as you can in terms of the timing and distance of the movement”. In the 
concurrent task, participants were also told: “You will see the video again while you are making the 
movement”.  
Consecutive and concurrent versions of the task were presented in two separate blocks, the order of which 
was counterbalanced between participants. Following a set of 4 practice trials, each test block contained 32 
trials (16 Cue, 16 Action + Cue; with equal numbers of longer/shorter and faster/slower movements across 
conditions), presented in a randomised order. A pause halfway through each block allowed participants to 
take a short break. 
2.1.3. Data processing and statistical analysis  
Kinematic data from correctly-executed movements (i.e., where the correct sequence was performed) 
were analysed using Matlab (Mathworks Inc.). Raw data were filtered with a 20 Hz Butterworth filter, and 
movement onset and offset times were determined when velocity rose above or fell below 10 % of the 
peak velocity for six consecutive samples. For each participant, mean movement duration (for slower vs. 
faster movements) and horizontal amplitude (for longer vs. shorter movements) were calculated for each 
stimulus condition (Cue; Action + Cue) in each task (Consecutive; Concurrent). For each trial, one 
movement of the two-part sequence was analysed (e.g., the 4-2 movement from the sequence 4-2-1). 
All trials were screened for outliers based on the non-recursive procedure recommended by Van Selst and 
Jolicoeur ( 1994) at the individual level for each variable, for each stimulus type in each block. Values were 
removed from between 3.2 % and 5.1 % trials for each kinematic parameter (duration/amplitude), with 
similar percentages across concurrent and consecutive tasks and in each group. Across both tasks, the 
maximum number of trials excluded for one participant was 5 (7.8 %) in the PD group and 6 (9.4 %) in the 
control group. Inspection of between-participant outliers was then performed for each stimulus type in 
each block, resulting in the exclusion of data from one participant from each group in the consecutive 
block, and 3 from each group in the concurrent block.  
Effects of the different stimuli and task versions on movement duration and amplitude were analysed using 
a Group (PD vs. control) x Stimulus (Cue vs. Action + Cue) x Task (Consecutive vs. Concurrent) x Duration 
(slower vs. faster) or Amplitude (longer vs. shorter) ANOVA. For the Duration analysis longer and shorter 
trials were pooled, and for the Amplitude analysis slower and faster trials were pooled. The main statistical 
analysis was conducted using SPSS (version 25; IBM).  The accepted significance level was p < .05, adjusted 
for multiple comparisons in t-tests. Bayes Factors were also calculated using JASP (version 0.12.2.0; JASP 
team, 2020) to evaluate the strength of evidence for effects. A Bayes factor (BF10) below 1 indicates 
increasing evidence for the null hypothesis, whereas values above 1 suggest increasing evidence for the 
alternative hypothesis. For interaction terms, the Bayes inclusion factor across matched models (BFincl) is 
reported, which can be interpreted similarly to BF10 (Wagenmakers et al., 2018). 
 
2.2. Results   
Kinematic modulation effects for duration (slower - faster) and horizontal amplitude (longer - shorter) are 
illustrated in Figure 2. A full table of results is provided in the supplementary material (S1).  




For movement duration, there was a significant effect of Duration (F(1,52) = 192.63; p <.001; η2p = .79; BF10 
= 1.75e +20), indicating modulation in response to slower (M = 749 ms) vs. faster (M = 668 ms) movements. 
There was a significant effect of Stimulus (F(1,52) = 27.43; p <.001; η2p = .35;  BF10 = 62.37), indicating faster 
movements in the Cue condition (M = 686 ms) than the Action + Cue condition (M = 718 ms). There was 
also an interaction between Duration and Stimulus (F(1,52) = 39.48; p <.001; η2p = .43; BFincl = 30.94):  
modulation of movement duration was greater in the Action + Cue condition than the Cue condition (M = 
104 ms vs. 94 ms; t(53) = 6.33; p < .001), although significant modulation occurred in both conditions 
(Action + Cue, t(77) = 14.12; p <.001;  Cue, t(77) = 7.60; p <.001). There was a non-significant effect of Task 
(F(1,52) = 3.84; p = .055; η2p = .069; BF10 = 13.43) and a significant Task x Duration interaction (F1,52) = 
87.27; p < .001; η2p = .63; BFincl = 1.46e +6), indicating greater modulation in the Concurrent task than the 
consecutive task (M = 121 ms vs. 40 ms; t(53) = 8.96; p < .001). However, the difference in duration when 
imitating faster vs. slower movements was significant for both the Concurrent task (t(77) = 16.02; p <.001) 
and the Consecutive task (t(77) = 5.69; p <.001). There was also a significant Task x Stimulus interaction 
(F(1,52) = 5.24; p = .026; η2p = .092; BFincl = .054), indicating a larger difference in duration between stimuli 
(Cue < Action + Cue) in the Consecutive task than the Concurrent task (M = .040 ms vs. .018 ms; t(53) = 
2.28; p = .026); although the low Bayes factor suggested a weak effect, and the difference was significant 
for both tasks: Consecutive, t(90) = 5.67; p <.001; Concurrent, t(90) = 2.96; p = .024. There was a significant 
effect of Group on movement duration (F(1,52) = 25.87; p <.001; η2p = .33; BF10 = 5267.06), whereby the 
control group exhibited faster movements overall (M = 618 ms) than the PD group (M = 786 ms).  
For horizontal amplitude, there was a significant effect of Amplitude (F(1,51) = 1709.54; p <.001; η2p = .97; 
BF10 = 2.42e +211), reflecting modulation in response to longer (M = 248.94 mm) vs. shorter (M = 137.01 
mm) movements. There was no main effect of Stimulus (F(1,51) = .098; p = .76; η2p = .002; BF10 = .11), but 
there was a significant Amplitude x Stimulus interaction (F(1,51) = 11.13; p = .002; η2p = .18; BFincl = 1.18), 
whereby modulation (longer - shorter) was greater in the Cue than Action + Cue condition (M = 115.06 mm 
vs. 108.81 ms; t(53) = 3.43; p = .001). However, significant modulation was found for both Cue (t(54) = 
40.59; p = < .001) and Action + Cue (t(54) =38.69; p < .001). There was a significant effect of Task (F(1,51) = 
19.80; p <.001; η2p = .28; BF10 = .31), with larger movements in the Consecutive task (M = 197.39 mm) than 
the Concurrent task (M = 188.56 mm), but the Bayes factor suggests a low strength of evidence for this 
effect. However, a Task x Amplitude interaction (F(1,51) = 22.35; p <.001; η2p = .31; BFincl = 80.20), indicated 
greater modulation of amplitude in the Consecutive task than the Concurrent task (M = 117.49 mm vs. 
106.38 mm; t(53) = 4.84; p < .001); although again significant modulation was found in both the 
Consecutive task (t(63) = 39.46; p = < .001) and the Concurrent task (t(63) = 36.38; p < .001). There was a 
significant effect of Group on amplitude (F(1,51) = 5.58; p = .022; η2p = .099; BF10 = 1.11), with larger 
movements overall in the control group than the PD group (M = 201.79 mm vs. 184.16 mm). There was also 
a Group x Stimulus interaction (F(1,51) = 6.54; p = .014; η2p = .11; BFincl = .52), reflecting a greater difference 
between groups (PD < Control) for Cue trials than Action + Cue trials, although the low Bayes factor 
suggests poor evidence in favour of this difference, and neither comparison reached significance at the 
corrected threshold of p <.025 (Cue, t(49) =2.95; p = .029; Action + Cue, t(49) =2.36; p = .13).  
There were no other significant main effects or interactions (see supplementary material S1).  





Figure 2. Imitation of duration (top) and amplitude (bottom) after observing a simple cue either alone (Cue) 
or accompanied by a moving human hand (Action + Cue). Two versions of the imitation task were 
completed, in which the movement was executed either without further visual input (Consecutive task) or 
while the video was presented for a second time (Concurrent task).  The graphs show modulation of 
kinematics in response to changes in the duration (slower – faster) or horizontal amplitude (longer – 
shorter) of the observed movements.  
 





In Experiment 1 participants imitated the duration and horizontal amplitude of sequences demonstrated by 
a simple visual cue that was presented either alone or combined with a moving human hand.   
Although both participants with PD and age-matched controls made faster (shorter duration) movements 
overall after observing the simple cue alone, movement duration was modulated to a greater extent when 
the cue was accompanied by the hand, indicating a stronger imitation effect. Modulation of duration was 
also increased in the concurrent version of the task, when the stimulus was displayed again during action 
execution. This may reflect a reduction in demands on working memory, or increased motor simulation 
with the online visual input (e.g., Krüger et al., 2014). While PD participants exhibited significantly slower 
movements than controls, the pattern of imitation effects was the same for both groups. 
In contrast to the effects on duration, modulation of horizontal amplitude was greater when the simple cue 
was observed alone, and modulation was increased in the consecutive task in which the stimulus video was 
not visible during action execution. There was some evidence that the PD group produced smaller 
movements overall, but again they showed a similar pattern of imitation to controls.  
The differential effects of cue type on modulation of amplitude and duration might be explained as follows: 
when the hand was visible, participants may have attended more closely to the dynamics rather than the 
endpoints of the movements, whereas in the absence of the kinematic information provided by the hand, 
the endpoint positions (and distances between them) indicated by the simple cue were more salient. 
According to the goal-directed theory of imitation (Bekkering et al., 2000), imitation of kinematics should 
be reduced when a visible target for the movement is present. Although the present study did not directly 
compare imitation of a human hand movement with and without simple cues, in previous research with 
healthy participants the presence of visible movement endpoints has been found to reduce imitation of 
movement duration, but not amplitude (Wild et al., 2012, 2010). These findings together suggest that 
different visual stimuli may draw attention to different movement characteristics.   
With respect to the difference between consecutive and concurrent tasks, regardless of cue type, the 
relative difference in amplitude between shorter and longer movements may have been more noticeable 
than the difference in duration between faster and slower trials. In the consecutive task, which relied on 
working memory, participants may have attended more to the endpoint positions in order to subsequently 
replicate the sequence correctly. In contrast, in the concurrent task, attention to the kinematics of the 
movement - and particularly the temporal characteristics - may have been increased while participants 
were not required to remember the sequence. A previous study using fMRI to compare concurrent and 
consecutive imitation of hand movements in healthy participants (Krüger et al., 2014) found similar 
accuracy in both conditions, but with different corresponding neural activations in regions related to 
perception and action. During concurrent imitation, accuracy was associated with activation in the left 
inferior parietal lobule, indicating ongoing sensorimotor mapping between the observer’s own movement 
and the observed stimulus, while in consecutive imitation accuracy was associated with activation of the 
right ventral premotor cortex, suggesting comparison with stored motor representations. Although this 
study used a “pure” concurrent imitation condition (whereas ours included prior observation) and a 
different kinematic measure (angle of flexion-extension), our findings are compatible with these proposed 
mechanisms.  
In summary, the results of Experiment 1 suggest that imitation is influenced by both the choice of stimulus 
and the nature of the task. Simple visual cues may be sufficient to guide movement amplitude, whereas 




human action observation may provide a more effective stimulus for movement duration, particularly 
when presented during execution of the action.  
Given the evidence indicating compensatory processes in action representation in people with PD (Helmich 
et al., 2007; van Nuenen et al., 2012), it is possible that there is a greater reliance on low-level visual cues 
where these provide sufficient information for a particular aspect of movement, such as horizontal 
amplitude indicated by the distance between target locations in this experiment. However, the stronger 
effect of action observation on movement duration in both groups indicates that people with PD do not 
solely rely on simple visual cues, when additional action-relevant information is available. Nonetheless, this 
effect may be related to more basic visual processing of the dynamic stimulus that was provided by the 
human movement but not the simple cue, rather than reflecting action simulation mechanisms. Therefore, 
Experiment 2 investigated whether observing human movement exerts a stronger effect than non-
biological movement, when the stimuli provide equivalent dynamic information.  
Evidence from action perception research suggests that biological kinematics and appearance may both be 
important factors in imitation. For example, in one study (McDonough et al., 2019), healthy participants 
exhibited a perceptual bias when observing a human hand reaching towards an object, using a straight or 
arched trajectory in the presence or absence of an obstacle. The hand disappeared partway through the 
movement and participants reported its last-seen position, showing an under- or over-estimation of the 
trajectory towards the most efficient path (i.e., arched when an obstacle was present, straight when it was 
absent). This bias was reduced when the same trajectory was shown by a non-biological, and therefore 
ostensibly non-agentive, stimulus. Additionally, while visuomotor priming has been found for both 
biological and non-biological stimuli, effects were found more often or were stronger when movements 
with biological kinematics were made by a biological stimulus (for review see Gowen and Poliakoff, 2012). 
Moreover, increased muscle activity (EMG response) has been found during observation and voluntary 
imitation of human-like than robotic movements (Hofree et al., 2015), as well as neural activations in the 
motor system corresponding to visuomotor priming effects when observing a human finger movement but 
not when observing a matched non-biological (dot) stimulus (Crescentini et al., 2011). In contrast, 
Craighero et al. (2016) found similar modulation of corticospinal excitability when observing a point-light 
display of a hand moving with either biological kinematics or constant velocity.    
Previous studies have not directly compared the effects of matched biological and non-biological cues on 
imitation in PD.  One laboratory-based study (Bienkiewicz et al., 2013) found that people with PD were able 
to imitate the speed of a moving point-light display depicting human kinematics, but this was not compared 
with a movement with a human appearance. In an intervention study that attempted to control for general 
effects of motion (Jaywant et al., 2016a), participants receiving training with video-based AO reported 
improved mobility compared to a control group who observed videos of moving water. However, this 
finding does not clearly demonstrate the importance of human movement for AO-based therapy, since the 
motion of water does not provide a close match for kinematic characteristics.  
Experiment 2 directly compared imitation of movements with matched biological kinematic profiles that 
were demonstrated by either a biological agent (human hand) or a non-biological stimulus (simple shape).  
Although Experiment 1 showed differential effects of concurrent versus consecutive observation on 
imitation, a consecutive task was used in Experiment 2, which more closely reflects real-life imitative 
learning scenarios. In this experiment, imitation of the observed movement was examined by analysing 
modulation of vertical amplitude for elevated versus direct trajectories: to imitate this aspect of the 
movement, the observer must attend to the dynamic information provided by the stimulus, rather than just 




the endpoint.  Eye gaze during observation was also recorded to further clarify neurocognitive mechanisms 
such as visual attention when imitating the different stimuli.  
If biological and non-biological stimuli are processed differently, with greater involvement of the 
sensorimotor system in the former, increased imitation would be expected when movements are shown by 
a moving human hand than a moving shape, even when the kinematics are matched. This may be 
accompanied by differences in eye gaze, such as fewer eye movements and smaller saccades when 
observing the hand, as well as earlier fixations at the movement endpoint, indicating closer visual attention.  
For example, Wild et al. (2012) found increased visual tracking (fewer saccades and fixations) alongside 
increased imitation when observing a human hand movement in the absence of visual goals. If 
representation of biological movement is altered in people with PD, however, they may not exhibit these 
differences in imitation and eye movement for the hand compared with the shape.  
 
3. Experiment 2   
3.1. Method  
3.1.1. Participants  
Twenty-one individuals with mild to moderate idiopathic PD and 23 healthy control participants were 
recruited and screened as described in Experiment 1 (see Table 2 for participant characteristics). There 
were no significant differences between the groups in sex or age. All participants except two in the PD 
group were right-handed. Some of the participants (15 in each group) had also taken part in Experiment 1; 
however, the two studies were separated by more than a year, and participants were not aware of the 
specific hypotheses regarding the different stimuli. A separate analysis confirmed that there were no 
significant differences between returning and new participants on any of the dependent variables.  
3.1.2. Stimuli and procedure  
The stimuli used in Experiment 2 are illustrated in Figure 3. As in Experiment 1, participants observed and 
imitated movement sequences between 3 of 4 horizontal locations spaced 150 mm apart. This time, the 
movements were demonstrated by either a human hand (Hand condition) with the index finger pointing to 
each target location, or a blue square (Shape condition) of approximately the same area as the fingernail in 
the Hand videos (8 mm). The Shape stimulus was created by matching the position of the square to the 
coordinates of the fingertip on a frame-by-frame basis, such that both moved with the same biological 
kinematic profile.  
In this experiment, the trajectory with which the stimulus moved between points was manipulated: 
elevated movements followed an indirect, curved trajectory between target positions, with a mean vertical 
amplitude of 131 mm;  direct movements followed a lower, non-elevated trajectory between positions, 
with a mean vertical amplitude of 22 mm. Imitation of the trajectory was analysed in terms of modulation 
of the vertical amplitude of the participant’s index finger movement when executing the observed 
sequence.   
Stimuli were projected at life-size onto a 530 mm x 300 mm screen at a distance of 700 mm from the 
participant. Kinematics were recorded using a Polhemus Fastrak electromagnetic motion capture system at 
a sampling rate of 120 Hz. Eye gaze was recorded using an Eyelink 1000 Plus eye tracker (SR Research Ltd.), 




using remote monocular pupil capture at a sampling rate of 500 Hz and spatial resolution of 0.1⁰, with 
typical accuracy of 0.25 - 0.50. An initial nine-point calibration was performed with each participant.  
The trial sequence and timing were the same as in the consecutive task of Experiment 1 (Figure 1). Hand 
and Shape trials were presented in separate blocks and all participants completed the Shape block first. 
This design was intended to avoid potential carry-over effects, whereby the moving shape may be imagined 
as a human hand after prior exposure to the Hand stimulus, since previous research has shown that top-
down factors such as belief about agency can influence imitation (Gowen and Poliakoff, 2012). Each block 
consisted of a short practice section followed by 30 test trials containing movements between the fourth 
and second locations (e.g., 4-2 in the sequence 4-2-1), including 10 elevated and 10 direct trials1, which 
were included in the analysis. The test trials were interspersed with 9 filler trials containing different 
sequences to reduce predictability. Trials were randomised within blocks, and there was a short pause 
halfway through each block. Participants were given the following instruction: “Please watch the video 
carefully and then after the beep, copy what you have seen as closely as you can in terms of the timing and 
size of the movement”. 
 
Table 2. Experiment 2: Participant characteristics.  
 
Figure 3. Imitation stimuli in Experiment 2: Movements followed an elevated (top) or direct (bottom) 
biological trajectory, and were demonstrated by either a human hand (left) or simple shape (right).  
                                                          
1
10 trials in each block showed slightly faster direct movements, which were included to explore potential imitation 
effects for timing. However, the difference in duration was very subtle and there was no significant modulation effect, 
so these trials were omitted from further analysis. 
 PD Control Statistic P value 
Age (M, SD) 64.7 (7.0) 68.0  (7.3) t = 1.56 .13 
Sex (% female) 27.3 43.5 
2
 = 1.29  .26 
UPDRS-III motor score (M, SD) 38.4 (11.3) N/A   
Hoehn & Yahr (Mdn, IQR) 2.00 (1.5) N/A   
Years since diagnosis (M, SD) 6.8  (4.8) N/A   





3.1.4. Data processing and statistical analysis  
Kinematic data were unavailable for one participant in the PD group because of recording error. Kinematics 
of correctly-executed 4-2 movements were extracted as in Experiment 1 and mean vertical amplitude was 
calculated for Hand and Shape blocks. Outliers were identified and removed as described above, resulting 
in the exclusion of data from 1.1 % trials in the Hand block and 1.0 % trials- in the Shape block in the PD 
group, and 0.3 % in the Hand block and 0.6 % in the Shape block in the control group.  The maximum 
number of trials excluded per participant across conditions was 2 (3.3 %) in the PD group and 1 (1.7 %) in 
the control group. At the between-participant level, outliers were calculated for each group within each 
block. Data from one participant in the control group were excluded for both Hand and Shape blocks. 
Kinematic data were then analysed using a Group (PD vs. control) x Stimulus (Hand vs. Shape) x Trajectory 
(elevated vs. direct) ANOVA.  
Because of calibration difficulties and loss of data (e.g., due to excess blinking), reliable eye movement 
recordings were only available for 15 participants in the PD group and 20 participants in the control group. 
Eye tracking data were extracted and summarised using Data Viewer (Version 2.4.0.115; SR Research Ltd.) 
using the default settings, with no minimum fixation duration specified. Trials were then inspected further 
for loss of data, resulting in the removal of 1.3 % trials across blocks in the PD group and 2.4 % trials in the 
control group. In addition to analysing general eye movement characteristics (fixations and saccades), an 
interest area was created at ± 30 mm around the second target location, which was the endpoint of the 4-2 
movement (see Figure 4). For each participant, the number and mean duration of fixations, and the 
number and mean amplitude of saccades, were calculated for each trial, as well as the time of the first 
fixation in the interest area.  
Outliers were identified for each variable at the individual level. In the PD group, this resulted in the loss of 
9.9 % values from the Hand block and 4.8 % from the Shape block; in the control group 9.1 % values were 
excluded from the Hand block and 10.2 % from the Shape block, with a maximum of 5 (16.7 %) trials per 
participant excluded from each block in each group. Outliers were also identified at the between-
participant level for each variable. In the PD group, data were excluded from 3 participants in the Hand 
block (one for fixation duration, two for first fixation in the interest area) and one in the Shape block 
(fixation duration). In the control group data were excluded from 3 participants in the Hand block (one for 
fixation count and saccade count, 2 for first fixation in the interest area) and 3 in the Shape block (one for 
fixation duration, 2 for first fixation in the interest area). Eye movement variables were then analysed using 
Group (PD vs. control) x Stimulus (Hand vs. Shape) ANOVAs.  
Interaction effects were explored using Bonferroni-corrected pairwise comparisons, and Bayes factors were 
calculated to further examine the strength of evidence for effects. 
To ensure that any differences between the two conditions (Hand and Shape) were not an artefact of 
practice effects arising from the fixed order of the blocks, we conducted additional analyses comparing 
kinematic and eye movement data between the first and second half of each block. These analyses 
indicated no difference between conditions in practice effects for eye movements, and greater evidence of 
increased imitation between the Shape and Hand blocks than within the Shape block (see supplementary 
material S2 for detailed results).     
 









Figure 4. In Experiment 2 an interest area was created to examine the timing of fixations around the 
movement endpoint.  
 
3.2. Results 
3.2.1. Kinematics  
Hand movement kinematics are presented in Figure 5. There were significant effects of Trajectory (F(1,40) = 
103.48; p <.001; η2p = .72; BF10 = 1.18e +22) and Stimulus (F(1,40) = 21.34; p < .001; η
2p = .35; BF10 = 2.06) 
on the vertical amplitude of hand movements, reflecting larger movements in elevated (M = 120.0 mm) 
than direct (M = 42.55 mm)  trials, and in the Hand block (M = 91.24 mm) compared to the Shape block (M 
= 70.47 mm). There was also a significant interaction between Stimulus and Trajectory (F(1,40) = 26.73; p 
<.001; η2p = .40; BFincl = 26.03), indicating greater modulation of vertical amplitude in the Hand block (M = 
95.21 mm) than the Shape block (M = 59.21 mm); t(41) = 5.21; p < .001. Nonetheless, modulation was 













Figure 5. Modulation of vertical amplitude in response to changes in the trajectory of observed movements 
(elevated – direct) demonstrated by a human hand or simple shape stimulus.   





The effect of Group was not significant (F(1,40) = 3.92; p = .054; η2p = .089; BF10 = .39), but there was a 
significant interaction between Group and Trajectory (F(1,40) = 4.16; p = .048; η2p = .094; BFincl = 6.60), 
reflecting greater overall modulation of vertical amplitude in the control group (M = 91.17 mm) than the PD 
group (M = 61.67 mm); t(41) = 2.03, p = .049. However, both groups exhibited significant modulation 
(control, t(40) = 9.25; p < .001; PD, t(40) = 6.13; p < .001) . Interactions between Group and Stimulus 
(F(1,40) = .77; p = .39; η2p = .019; BFincl = 0.28) and Group, Stimulus and Trajectory (F(1,40) = .14; p = .71; η
2p 
= .003; BFincl = 0.31) were not significant. 
 
3.2.2. Eye movements   
Eye movement characteristics are summarised in Figure 6.  
There was a significant effect of Stimulus on the number of fixations (F(1,32) = 13.27; p = .001; η2p = .29; 
BF10  = 42.87), which was higher when observing the Shape (M = 10.57) than the Hand (M = 9.61). There 
was no significant effect of Group (F(1,32) = .82 p = .37; η2p = .025; BF10  = .61) or  Stimulus x Group 
interaction (F(1,32) = .096; p = .76; η2p = .003; BFincl  = .35). For fixation duration, there was again a 
significant effect of Stimulus (F(1,32) = 9.72; p = .004; η2p = .023; BF10  = 10.73), with longer fixations for the 
Hand (M = 400.39 ms) than the Shape (M = 355.73 ms). There was no main effect of Group (F(1,32) = 2.69; 
p = .11; η2p = .077; BF10  = 1.18), or Stimulus x Group interaction (F(1,32) = .065; p = .80; η
2p = .002; BFincl  = 
.35). 
Participants made a significantly larger number of saccades during the Shape (M = 9.85) than the Hand (M = 
8.92) block (F(1,32) = 10.85; p = .002; η2p = .25; BF10  = 19.27).  There was no significant effect of Group 
(F(1,32) = 1.81; p = .29; η2p = .036; BF10  = .67), or interaction between Stimulus and Group (F(1,32) = .087; p 
= .77; η2p = .003; BFincl  = .34) on the number of saccades. Saccade amplitude was also larger in the Shape 
(M = 3.45) than the Hand (M = 3.18) block (F(1,32) = 6.92; p = .013; η2p = .18; BF10  = 5.87). There was no 
significant effect of group on saccade amplitude (F(1,32) = .27; p = .61; η2p = .008; BF10  = .43), or 
interaction between Stimulus and Group (F(1,32) = 1.83; p = .19; η2p = .054; BFincl  = .70). 
The time of first fixation in the area around the movement endpoint differed significantly between stimuli 
(F(1,32) = 40.50; p <.001; η2p = .56; BF10  = 1.15e +6), reflecting earlier fixations with the Hand (M = 1296.56 
ms) than the Shape (M = 1537.22 ms). There was no significant effect of Group (F(1,32) = 1.28; p = .27; η2p 
= .038; BF10  = .39) or Group x Stimulus interaction (F(1,32) = .16; p = .69; η
2p = .005; BFincl  = .35). 
 











Figure 6. Eye movement characteristics (top to bottom panels: overall fixations; overall saccades; time of 
first fixation in the target area around the movement endpoint) when observing movements demonstrated 




Experiment 2 showed that, in people with mild to moderate PD and age-matched controls, imitation of 
movement trajectory was increased when the movement was demonstrated by a human hand compared 
to a simple shape, despite the different stimuli having the same biological kinematic profile. Participants 
made larger movements in response to the human hand than the shape, and modulated the vertical 




amplitude of their own hand movements to a greater extent. As in Experiment 1, despite the PD group 
exhibiting smaller movements overall and showing some evidence of reduced modulation, a similar pattern 
of imitation was found across groups. 
In both groups eye movements were also influenced by the type of stimulus observed: when watching the 
hand, participants exhibited fewer eye movements, longer fixations and smaller saccades than when 
watching the shape. This suggests that participants were tracking the hand more closely using smooth eye 
movements (classified as fixations), so requiring fewer and shorter saccades to follow the moving stimulus. 
Analysis of interest areas revealed that participants also fixated the movement endpoint earlier when 
watching the hand than the shape, suggesting increased prediction for biological movements. 
Since both stimuli shared the same biological kinematics, the above differences in imitation and eye 
movements indicate that the visual characteristics of the stimulus are important for imitation in people 
with PD, consistent with the broader literature (see Gowen and Poliakoff, 2012). As hypothesised, 
movements demonstrated by a human agent may activate the action observation system more strongly 
than those with a non-biological appearance.  
In the present study, participants made higher amplitude movements when imitating the human hand than 
the shape. This contrasts with the findings of McDonough et al. (2019), where participants underestimated 
the trajectory of an unobstructed elevated human reaching movement but not a non-biological equivalent.  
However, the movement in our task was not object-directed, and in both cases behaviour can be 
interpreted in relation to goal-directed accounts of imitation (e.g., Bekkering et al., 2000): when a visible 
movement goal is present, the observer’s attention is focused on this as the intended endpoint of the 
action, whereas in the absence of such a cue the movement itself becomes the focus (see also Wild et al. 
2012).  
Alternatively, the difference could be accounted for by the greater visual salience of the hand relative to 
the shape, via increased attention to the movement kinematics. The difficulty in adequately matching 
biological and non-biological movement stimuli is acknowledged in the literature (Miller and Saygin, 2013); 
however, future research could attempt to match these more closely, such as by superimposing the shape 
on a larger background object. 
 
4. General discussion  
The present findings indicate greater effects of observing human movement than non-biological cues on 
imitation of hand movements, in terms of timing (Experiment 1) and trajectory (Experiment 2). In 
Experiment 1, observation of a human movement increased imitation of the duration, whereas imitation of 
horizontal amplitude was greater with a simple sequentially-presented non-biological cue. Moreover, 
viewing the sequence again during action execution (concurrent imitation) produced differential effects, 
increasing imitation of duration, but reducing imitation of amplitude. In Experiment 2, increased imitation 
of the movement trajectory and closer visual tracking were found for a human hand, compared to a simple 
moving shape with the same kinematic profile. Importantly, across the two experiments, people with PD 
imitated the movements of both biological and non-biological stimuli, exhibiting a similar pattern to an age-
matched control group. 
These findings fit with a growing body of work demonstrating intact imitation in PD, at least at the mild to 
moderate stages, despite overall changes to the speed and amplitude of their movements and the potential 




involvement of the basal ganglia in action observation. A key contribution of the current work is that, unlike 
previous studies in PD, imitation of human movements and non-biological stimuli were compared, with the 
aim of increasing understanding of the underlying mechanisms. In conjunction with the authors’ previous 
study demonstrating motor resonance for human movement in PD (Bek et al., 2018), these findings suggest 
that the route by which action observation activates sensorimotor processes is preserved in people with PD 
(Caligiore et al., 2017). This role of motor simulation during action observation in PD is further supported by 
the recent finding that deliberate engagement in motor imagery increased the effects of action observation 
on hand movement amplitude (Bek et al., 2019).  
However, it should be acknowledged that the stronger effect of observing human action on imitation of 
movement kinematics in Experiment 2 could also be accounted for by the salience of the hand relative to 
the non-biological stimulus, which may have increased attention to the biological stimulus. Nonetheless, 
analysis of eye gaze suggested closer tracking and prediction of the ongoing movement of the hand than 
the shape. Together with the evidence outlined above, this suggests that motor simulation is the most 
parsimonious account of imitation effects in PD.  
Despite the similar pattern of effects between groups, it is noted that the PD group exhibited reduced 
imitation overall relative to controls in Experiment 2, suggesting that further investigation is warranted. An 
important question for future research is whether people with PD would show effective imitation of human 
movement when tested off their dopaminergic medication. Moreover, the effects of tailoring instructions 
to increase motor imagery or visual attention could be investigated for both imitation and eye movements. 
In previous work attention and imagery instruction have been found to increase imitation of hand 
movements in healthy young adults (Bek et al., 2016; Hayes et al., 2014), and instructions to engage in 
motor imagery during observation increased imitation in healthy older adults and people with PD (Bek et 
al., 2019).  
Although it is important to clarify the underlying mechanisms of imitation and cueing, the present findings 
nonetheless support the use of action observation as a potentially effective tool for neurorehabilitation in 
PD (see Abbruzzese et al., 2015; Caligiore et al., 2017). Moreover, AO could also be used to improve hand 
movements in healthy older adults, in whom manual dexterity can be compromised (e.g., Martin et al., 
2015). AO-based strategies could be implemented flexibly within physiotherapy or home-based 
programmes, or following appropriate training could provide individuals with skills to apply independently 
to everyday functional tasks.  
The present findings also indicate that different types and timing of stimuli may be useful in facilitating 
movement in accordance with the desired outcome, such as increasing speed or improving timing. In 
Experiment 1, modulation of movement duration was increased with action observation, but when simple 
cues were observed alone, duration was shorter overall and horizontal amplitude was imitated to a greater 
extent, possibly because attention was drawn to the positions of endpoint locations rather than the timing. 
Thus, while human action observation may be particularly effective in influencing movement kinematics or 
muscle activation (Hofree et al., 2015), simple cues may be effective when they provide sufficient 
information about a movement goal (e.g., a target endpoint for reaching). This is of relevance to the field of 
observational learning more broadly, as well as in rehabilitation, whereby training could focus on a 
particular aspect of movement (see Bienkiewicz et al., 2013; Nackaerts et al., 2017). If the aim is to move 
the effector to a particular location or to complete a movement as quickly as possible, simple visual cues 
may be the optimal choice, whereas if precision of timing or trajectory is to be improved, observation of 
human movement may be more effective. Importantly, action observation could also be more readily 




applied to activities of daily living, including those requiring finer motor skills – such as complex manual 
tasks - that could not be adequately guided by simple cues. Experiment 1 additionally indicated that 
presenting stimuli online during action execution may increase the effects on movement duration (cf. 
Krüger et al., 2014), compared to sequential observation and imitation. 
In conclusion, people with mild to moderate PD, despite producing smaller and slower hand movements 
than age-matched controls, nevertheless exhibited similar patterns of imitation across stimulus conditions. 
Future research should further investigate the mechanisms underlying imitation of biological and non-
biological stimuli in ageing and neurodegenerative conditions. 
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